This paper examines a ¢eld-based insect system in which a signal trait and an immune e¡ector system resp onsible for parasite resistance rely on the same melanin-producing enzyme cascade (phenoloxidase, PO). Observations and experiments on males of the calopterygid damsel£y Calopteryx splendens xanthostoma revealed that resistance to the prevalent parasite in the study system (a eugregarine protozoan infecting the mid-gut) was correlated with quantitative aspects of the sexually dimorphic melanized wingspot of males, a trait that is produced and ¢xed before the host comes into contact with the sporozoites of the parasite. Regulation of PO during experimental immune challenge showed that males with dark, homogenous melanin distribution in their wings showed no change in PO levels 24 h after challenge. By contrast males with lighter and/or more heterogenous melanin distribution in their wings tended to show higher PO levels 24 h after immune challenge. The changes in PO levels occur despite the lack of a relationship between wing-pigment distribution and the cellular encapsulation response. These results suggest a shared, limiting resource may form the mechanistic basis of the trade-o¡ between a conditiondependent signal trait and immune function in this system.
INTRODUCTION
The assumption that parasites maintain the additive genetic variation underpinning sexually selected signal traits lies at the core of`indicator mechanism hypotheses' in sexual selection (Andersson 1994; Hamilton & Zuk 1982) . A theoretical foundation for these hypotheses concerns the mechanistic basis of honesty in signal traits (Folstad & Karter 1992; Sheldon & Verhulst 1996) , and rests on the central assumption that a trade-o¡ operates during the production of the sexual signal such that investment in the signal precludes investment in the immune e¡ector system(s) that result in parasite resistance.
Male calopterygid damsel£ies have prominent, sexually dimorphic wing patches, which contain melanin (Hooper et al. 1999) and show intraspeci¢c variation that a¡ects the outcome of intrasexual competition (e.g. Grether 1996) as well as female reproductive decisions after courtship (Siva-Jothy 2000) . In Calopteryx splendens xanthostoma the melanized wing patch begins to appear as soon as the adult has eclosed, and deposition continues for up to ¢ve days thereafter (Dumont 1972) when it becomes ¢xed (see Siva-Jothy 2000) . During the 10^14 days following adult eclosion, the pre-reproductive imagos forage and acquire up to 40% of their £ight muscle mass and 50% of the fat they will use during contests for territory ownership once they become sexually active . It is during this period that they are ¢rst exposed to the only identi¢able parasite in this system ), a eugregarine (Ðbro 1996) , which continues to infect adults throughout their life. The trophozoites of this eugregarine hatch from sporozoites, after which they attach to the mid-gut lining (Ðbro 1976) . They have important ¢tness-reducing e¡ects on males (low burdens result in decreased fat accumulation (SivaJothy & Plaistow 1999) and thereby reduce territorial residency, which determines ¢tness (Plaistow & Siva-Jothy 1996) ). Adults are only exposed to the spores of the eugregarine once they begin foraging in the pre-reproductive adult phase; in the case of males, this means that melanin deposition in the wing signal has ceased and is ¢xed (see Dumont 1972; Siva-Jothy 1999) .
In insects, a major humoral immune e¡ector system responsible for refractoriness to parasites is the phenoloxidase (PO) cascade (Rowley et al. 1986 ). This enzyme is expressed and regulated in response to the presence of non-self in the haemocoel (SÎderhall 1982) and its activation results in the melanization and death of the pathogen (Nappi et al. 1996) . PO regulation in response to an immune insult is therefore likely to be an important correlate of parasite resistance ability. Moreover, the activity of PO in the haemocoel is correlated with refractoriness to gut parasites (Gorman et al. 1996) and its expression is known to be heritable (Carton et al. 1992) . As well as its function as an immune e¡ector system, PO is responsible for the hardening and darkening of the exoskeleton after moulting (Wigglesworth 1965) , and is also involved in the deposition of melanin during the production of wing patterns (e.g. lepidopteran wings; Nijhout 1991).
Adult male C. s. xanthostoma therefore have a ¢xed sexually dimorphic signal trait (the melanized wing patch), which is produced by the same enzyme cascade that provides humoral defence against parasites in the haemolymph and in the gut (Leonard et al.1985; Brey & Hultmark 1998) . If theoretical assumptions (Sheldon & Verhulst 1996) about the nature of resource allocation between signals and immune function apply to this system, variation in the darkness and heterogeneity of the wing pigmentation (i.e. quantitative aspects of the trait that a¡ect male ¢tness; Siva-Jothy 1999) will re£ect variation in parasite resistance and, potentially, correlated aspects of the regulation of PO during a response to a mid-gut parasite. PO expression is examined because this enzyme cascade is responsible for melanin synthesis in cuticular structures such as wings (e.g. Wigglesworth 1965) , is an important immune e¡ector system (e.g. SÎderhall 1982) and its expression is known to be related to resistance towards gut parasites in other insects (e.g. Gorman et al. 1996) . This paper addresses the question`does melanin production provide the mechanistic pivot for a trade-o¡ between a sexual signal trait and parasite resistance ?' and presents results from ¢eld observations and manipulations designed to identify (i) the relationship between variation in the ¢xed sexually dimorphic melanic wing pigmentation of male C. s. xanthostoma and refractoriness to the prevalent parasite (a eugregarine), and (ii) how variation in expression of PO (the melanin-producing enzyme cascade) during experimental immune challenges is related to variation in signal trait parameters.
METHODS

(a) Study site
Observations and manip ulations of a natural p opulation of C. s. xanthostoma were carried out in July 1997 and 1998 on the Vidourle river in southern France (43852' N, 04803' E) . Most animals in the population, and all focal animals, were individually marked with acrylic paint dots on their thorax and abdomen.
(b) Measurement of wingspot heterogeneity
Wingspot heterogeneity was measured as detailed elsewhere (Siva-Jothy 1999) . In short, an image of each wing was analysed using Optimas (v. 6.1) image analysis software using the upper greyscale threshold from the blackest wing to de¢ne the number of pigmented regions de¢ned by using the same threshold value in the wings of all other males. Wings that were grey and/or had heterogenous pigment distribution showed several softwarede¢ned`areas' within the p igmented patch. Wings with dark, homogenously distributed pigment showed a single, or few, software-de¢ned areas of pigmentation. The measure of wingp igment heterogeneity (WPH) in this study was the mean number of areas in the pigmented region of the wings after analysis, multiplied by the inverse of the proportion of wing area de¢ned after application of the threshold compared to the total area of pigment. In most cases, this last adjustment has no e¡ect, but gives higher scores to males with large unpigmented areas within the p igmented wing patch (see Siva-Jothy 1999) . A value of 1 indicates a dark, homogenous wing (relative to the others), while larger values indicate wings with increasingly light and heterogenous wing-pigmentation distribution. The coe¤cient of variation (i.e. the mean percentage variation between two indep endent measures of the same wing) for this technique of measuring WPH was 1.7 § 0.3% (nˆ24) .
(c) Manipulating trophozoite burdens
Eugregarine gametocysts were collected from the faeces of captive male and female damsel£ies and stored in the shade at ambient temp erature and humidity for seven days. They were disrupted in stream water at a dilution of 2 gametocysts ml 71 ; this solution was never kept for longer than 24 h. Unmanipulated stream water was used as a control. Males that had recently (within two days) commenced reproductive activity were collected from an isolated site within the study area and allocated to one of two treatments. Treatment males were fed 2 ml of inoculated water (i.e. containing sp orozoites released from the gametocysts), marked individually and released. Control males were fed 2 ml of uninoculated stream water under the same conditions. After ten days, treatment and control males were collected and WPH and trophozoite burdens measured. This experiment was conducted in 1997 (treatment nˆ12, control nˆ12) and 1998 (treatment nˆ10, control nˆ10).
(d) Measuring trophozoite burdens
The mid-gut was removed from decapitated animals and the transp arent mid-gut epithelium was pierced and dissected op en with a narrow-gauge (21G) hypodermic needle. The p eritrophic membrane and the food it contained were removed. The resultant sheet of epithelium was pinned out under ice-cold cacodylate bu¡er (see ½ 2(e)) and the opaque white trophozoites of the parasite counted as they were removed from the epithelial sheet with ¢ne forceps.
(e) Measuring phenoloxidase
Only unparasitized males were included in this data set. There is a strong positive correlation between haemolymph PO levels in an adult hind limb and the haemolymp h extracted from the body cavity at the same time (R 2ˆ0 .29, 23 d.f., Fˆ9.1, pˆ0.006). Consequently I used a severed hind limb to assay PO levels at timeˆ0, and collected the entire haemolymph 24 h later to obtain the second measure of haemolymph PO level. The regression equation for leg PO versus haemolymph PO (both at timeˆ0) was used to calculate haemolymp h PO levels at timeˆ0. Leg PO samples were collected by p lacing a chilled hind leg, severed at the coxa, in 0.5 ml of ice-cold sodium cacodylate bu¡er (0.01M Na-coc, 0.005 M CaCl 2 ). Haemolymph PO samples were collected by p erfusing a chilled animal's haemocoel with 0.5 ml of ice-cold sodium cacodylate bu¡er. Samples were then homogenized for 20 s with a motorized micro-pestle followed by centrifugation (4 8C, 2800 G, 5 min). Supernatants were removed and 0.5 ml of 5 mM L-DOPA in sodium cacodylate solution was added, and the reaction allowed to proceed at 30 8C in a sp ectrophotometer (Pharmacia Biotech Ultraspec 2000, Cambridge, UK) for 20 min. Readings were taken every minute at 490 nm and analysed using Swift II software (Pharmacia Biotech). Enzyme concentration was measured as the slop e of the reaction curve during the linear phase of reaction (between 5 and 15 min after the reaction mix was made; M. T. Siva-Jothy, p ersonal observation). This technique has signi¢cant rep eatability (rep eatedmeasures ANOVA, repeatabilityˆ0.99, pˆ0.0001).
(f ) Immune insult, and measurement of the encapsulating cellular material on nylon implants
All challenged individuals had a ca. 2 mm length of nylon mono¢lament (diameter 0.1mm) inserted through the ¢fth abdominal p leura on the dorsal mid-line. The mono¢lament was retrieved 24 h later. Encapsulated mono¢laments were stored in 70% ethanol, and the volume of the encap sulating cell mass was measured by rehydrating the sample, dissecting the cell mass from the nylon and squashing it underneath a cover-slip bridge so that the thickness of the cell mass was 0.1mm. The area of the £attened cell mass was then drawn with a camera lucida and its area calculated by weighing the cut-out mass of the p aper shap e. This mass was converted to the actual volume of encapsulating material using the appropriate conversion factors (mass p er unit area of paper, thickness of cover-slip and magni¢cation of the camera lucida). The length of the mono¢lament was measured with the aid of an eyepiece graticule in a comp ound microscop e, and the total surface area of the nylon insertion calculated. The volumes (mm 3 ) of melanized and non-melanized cell masses that encapsulated a piece of mono¢lament are expressed p er unit surface area (mm 2 ) of mono¢lament.
RESULTS
(a) Parasite loading
Males allocated to the treatment group (inoculated with sporozoites and left for ten days) had signi¢cantly higher trophozoite loads than males in the control group (ANOVA, F 1,36ˆ1 3.13, pˆ0.0009) (¢gure 1), but there was no e¡ect of year on burdens (F 1,36ˆ0 .86, pˆ0.357) or interaction between year and treatment (F 1,36ˆ0 .4471, pˆ0.51). Consequently data in the treatment groups from both years were pooled. The treatment therefore resulted in a signi¢-cant increase in parasite burdens compared to animals exposed to natural infection during the experiment. .276, 21d.f., pˆ0.025) between the WPH of males in the pooled treatment group and their parasite burden (¢gure 2), despite the fact that males in this group received a standardized dose of eugregarine sporozoites. Males with darker, homogenous melanin deposition in their wings (low WPH scores) were more resistant to eugregarine infection. The pooled control group showed no relationship between WPH and parasite burden (R 2ˆ0 .029, 18 d.f., pˆ0.48) (most males (73.7%) in this group had no parasites).
(c) The relationship between WPH and pre-challenge haemolymph phenoloxidase levels There was no relationship between WPH and prechallenge haemolymph PO levels in unparasitized males (R
2ˆ0
.001, 81d.f., Fˆ0.058, pˆ0.81).
(d) The relationship between WPH and increase
in phenoloxidase levels over the course of the encapsulation response There was a signi¢cant positive relationship between WPH and the increase in haemolymph PO levels during the encapsulation response (R
2ˆ0
.243, 49 d.f., Fˆ14.94, pˆ0.0003; ¢gure 3). Males with darker, more homogenous wing pigmentation showed similar PO levels 24 h after their immune system was subjected to an immune insult by a nylon mono¢lament when compared to preinsult levels. By contrast, males with lighter, more heterogenous wing pigmentation tended to have elevated haemolymph PO levels after this period. One reason for this relationship is that males with elevated PO after 24 h are producing a larger cellular response to the nylon implant. There was no relationship between the di¡erence in post-and pre-challenge PO levels and the magnitude of the cellular encapsulation response (R 2ˆ0 
DISCUSSION
Male C. s. xanthostoma with dark, homogenous melanin distribution in their wings were more refractory to eugregarine parasites than males with lighter, more heterogenously distributed melanin pigmentation. This result suggests that the ¢xed wing pigmentation of reproductively active male C. s. xanthostoma is an honest indicator of male parasite resistance. This wing-pigment attribute can a¡ect calopterygid male ¢tness via two sexually selected routes. First, the outcome of intrasexual contests are in£uenced by wing-pigment parameters (Grether 1996; Marden & Rollins 1994) . Since the outcome of these contests is determined by fat loads Despite the fact that all males received a similar dose of eugregarine sporozoites, males with darker, homogenous melanin dep osition in their wings (low WPH score) had lower trophozoite burdens than males with lighter, more heterogenous p igment distribution. (Plaistow & Siva-Jothy 1996) and because eugregarine gut parasites in£uence a male's ability to accumulate and store fat during the pre-reproductive phase (Siva-Jothy & Plaistow 1999), competing males may use variation in the wing pigment of rivals to estimate parasite resistance (and therefore potential fat reserves) before making the decision about whether to enter an energetically costly contest (Plaistow & Siva-Jothy 1996) . Second, male C. s. xanthostoma with dark homogenous wing pigmentation are preferred by females (Siva-Jothy 1999). If parasite resistance is heritable, choosy females will bene¢t by producing resistant o¡spring. Females may also bene¢t directly since mate-guarding plays an important role in determining female reproductive success in calopterygids (Waage 1979) . Mating with a parasite-resistant male carries a higher probability that such males have higher fat reserves and so may be better able to prevent takeovers from non-territorial males while the female oviposits.
Examination of PO levels and their regulation during a controlled immune insult revealed that (i)`resting' levels of PO were similar for males across the sp ectrum of signal trait variation, but (ii) males with lighter, more heterogenous pigment distribution in their signal traits tended to express higher levels of PO during an immune insult. It is unclear why males with less pigment in their signal traits should show greater levels of PO expression to produce a similar cellular response to an experimental immune insult (when compared with males with dark wing pigmentation). Since only data from unparasitized males were used in these analyses, the e¡ect was not caused by variation in pre-manipulation parasite loads. To some extent, this pattern of investment might be predicted by current trade-o¡-based models of the immunocompetence handicap (Folstad & Karter 1992; Sheldon & Verhulst 1996) . Males with poor heritable resistance may have to invest relatively more in immunity and so cannot invest as much in the signal as males with heritable resistance. However, PO in itself is unlikely to be costly to make or regulate.
There are at least two reasons why males with darker, homogenous pigment distribution in their wings (and better parasite resistance) show constant levels of PO during the course of the exp erimental immune challenge, while males with lighter, more heterogenous pigment distribution show elevated PO levels during this period. First is the possibility that all males upregulate PO expression during an immune challenge, but only the most resistant males neutralize the challenge rapidly enough to downregulate PO levels within 24 h (the time-frame for the experiment). In this scenario, parasite-resistant males produce an e¡ective immune response and downregulate PO levels faster than lessresistant males, and so may pay lower costs for maintaining e¡ective immunity. Second (and not exclusively) is the possibility that PO expression is regulated by its productöa common phenomenon in enzyme cascades (Stryer 1995) . Less-resistant males may only be able to produce melanin at a relatively low rate because they are substrate limited (i.e. in poorer condition). A possible regulatory response to this is to express more enzyme to speed up the production of product (Stryer 1995) . In this scenario, parasite-resistant males never show elevated PO levels because they are not substrate limited and so are able to produce melanin at an optimum rate. By contrast, less-parasite-resistant males may be substrate limited and so produce melanin at a suboptimal rate: this may feedback into the cascade and stimulate enzyme expression.
Both explanations are based ultimately on the availability of the substrate for the cascade, and it is here where the cost(s)-base for any trade-o¡ may lie. The immediate substrate for PO is tyrosine, which is derived from the essential amino acid phenylalanine (e.g. Nijhout 1991; Stryer 1995). Since phenylalanine cannot be manufactured by the insect, it must be acquired from dietary sources; the cost of melanin production may therefore lie in the limiting e¡ects of this essential precursor. If phenylalanine is the limiting resource on which a trade-o¡ between the signal trait and the immune system operates, variation in resistance will, at least partly, be condition dependent. The cost imposed by the limiting nature of phenylalanine may be compounded in insects because of two additional factors. First, the requirements for melanin during the transition from one instar to the next when new cuticle must be sclerotized (and, usually, melanized) (Wigglesworth 1965) . Second, expression of PO results in the production of a number of cytotoxic compounds, including quinones and reactive oxygen species (Nappi & Vass 1993) . Males that maintain elevated haemolymph PO levels may have to pay relatively higher autoimmune costs (see Von Schantz et al. 1999) compared to males that can maintain PO expression at a low level (or can rapidly downregulate it), since the cytotoxins are released in an open circulatory system in which the insect's tissues are bathed.
The results presented herein are consistent with predictions from a resource-based model of the immunocompetence handicap (Sheldon & Verhulst 1996) and suggest that the`black box' representing the mechanism by which honesty is maintained in sexual signals of parasite resistance probably contains the PO cascade and its regulation during melanin synthesis in C. s. xanthostoma. Figure 3 . The relationship between the increase in PO levels 24 h after an experimental immune insult and wing-pigment heterogeneity (WPH). Males with lighter, more heterogenous wing p igmentation (high WPH) increased their phenoloxidase (PO) levels more than males with darker, homogenous wing p igmentation.
